Introduction
Silicon carbide (SiC) in powder, sintered, and single-crystal forms is used in various products. 1 Owing to its hardness, heat resistance, and chemical stability, sintered SiC has recently been used for semiconductor manufacturing equipment. Moreover, the use of single-crystal SiC for semiconductor devices has been investigated because the bandgap, dielectric breakdown field strength, and thermal conductivity of SiC are higher than those of silicon. 2, 3 If single-crystal SiC is to be used in semiconductor devices, the concentrations of dopants in the p-n junction formed on the surface must be controlled; various analytical methods have been reported for this purpose. For example, secondary ion mass spectrometry has been used to evaluate techniques for implanting dopants. This method can be used to determine the depth profile of the dopants, but the oblique impact angle and the primary ion energy must be optimized for each element. [4] [5] [6] In addition, secondary ion mass spectrometry is not appropriate for quantitative analysis, because matrix effects and variations in the accuracy and precision are larger than those of laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), as well as those of glow discharge mass spectrometry. [7] [8] [9] Glow discharge mass spectrometry is generally used for bulk analysis, [10] [11] [12] [13] and has detection limits ranging from 0.0005 to 0.1 μg g -1 . 14 However, the detection limits are influenced by the sample matrix and the sample conductivity, and the detection limits for trace elements in SiC have been reported to range from 1 to 100 μg g -1
. 15 Therefore, this technique is usually used only for the qualitative analysis of bulk samples. The use of electrothermal vaporization inductively coupled plasma optical emission spectrometry for analysis of SiC has also been reported. 16 In addition, LA-ICPMS has been used to analyze SiC powder with non-matrix-matched calibration; 17 the measured concentrations of B, Ti, Cr, Mn, Fe, Ni, and Cu in a reference material (BAM-S003) were found to be in good agreement with the certified values for the material. Slurry nebulization ICPMS analysis of SiC powder has been reported, but CRMs are necessary for calibration. strategies have been proposed for the quantitative analysis by LA-ICPMS.
For example, commercially available NIST reference glasses (SRM 610 -617) have been widely used for LA-ICPMS applications with non-matrix-matched calibration. [22] [23] [24] Methods involving standard solution calibration, 25, 26 standard addition, 27 and online isotope dilution have also been reported. [28] [29] [30] As mentioned above, highly sensitive and accurate quantification of impurities is required to control surface-layer contamination of SiC substrates. Therefore, laser ablation in liquid (LAL)-ICPMS was demonstrated for highly sensitive analysis. In addition, LAL-ICPMS can be expected to provide reliable data because solution calibration can be used. LAL-ICPMS has been reported for the analysis of glass standards and high-purity iron metal. [31] [32] [33] In this method, the sample is set in ultrapure water, the sample surface is laser ablated through the water, and the ablated particles are collected in the water and then analyzed by acid digestion ICPMS. The nanoparticles produced by LAL sampling decompose more readily than the particles produced by cracking of samples with a hammer. In our previous study, we found that the recoveries of Ag, As, Rb, Sb, Ga, Tl, Bi, Pb, Cd, Re, Sn, Cu, W, Mn, Ni, Ba, Ni, Ba, Zn, Al, Cr, Gd, Yb, Y, Sr, Zr, Hf, U, and Th from a CRM NIST 610 glass standard ranged from 95 to 108%. 31 To date, LAL-ICPMS has not yet been used in practice. Herein, we report on the first use of LAL-ICPMS to quantify trace impurities in sintered SiC and single-crystal SiC, which are hard-to-digest materials.
Experimental

Samples and reagents
The following SiC powder CRMs were used for this study: NMIJ 8001a and NMIJ 8002a from the National Metrology Institute of Japan (Ibaraki, Japan) and JCRM R021, JCRM R022, and JCRM R023 from the Ceramic Society of Japan (Tokyo, Japan) ( Table 1 ). The crystal forms of NMIJ 8001a and NMIJ 8002a are hexagonal(4H)-SiC and cubic-SiC, respectively. The crystal forms of the JCRM CRMs are not known.
As sample materials, sintered SiC with the crystal forms of hexagonal(6H)-SiC and single-crystal SiC with the crystal forms of hexagonal(4H)-SiC were provided by a SiC equipment manufacturer and a SiC wafer supplier, respectively. Photographs of the sintered SiC and the single-crystal SiC samples are shown in Figs. 1a and 1b, respectively.
Glass standard of NIST 612 (National Institute of Standards and Technology, Maryland, USA) was used for tuning the LA-ICPMS system. Ultrapure water (>18.2 MΩ cm, Milli-Q, Merck Millipore, Molsheim, France) was used to prepare all the solutions used in this work. Hydrofluoric acid (Tamapure-AA-10, 38%, Tama Chemicals Co., Kawasaki, Japan), HNO3 (Tamapure-AA-10, 68%, Tama Chemicals Co.), and H2SO4 (Tamapure-AA-100, 98%, Tama Chemicals Co.) were used for acid digestion.
Calibration standard solutions were prepared from the following SPEX CertiPrep (Metuchen, NJ, USA) multielement standards for ICPMS: XSTC-1 (Y), XSTC-8 (Ti, Zr, and W), and XSTC-13 (Al, Cr, Mn, Fe, Co, Ni, Cu, and Sr). The standards were diluted with 0.1 M HNO3. A single-element standard solution of Rh (Kanto Chemical Co., Tokyo, Japan) was used as an internal standard. Calibration curves were prepared by measuring standard solutions, in which the concentrations of each element were 0, 5, 10, 100, 500, and 5000 pg mL -1 .
Instrumentation
A LA system (UP213, Electro Scientific Indutries (ESI), Portland, OR, USA) and an ICPMS instrument (Agilent 7500ce, Agilent Technologies, Tokyo, Japan) were used in this study ( Table 2) . A pressure vessel with a stainless-steel jacket (HU-50, San-ai Kagaku, Aichi, Japan) was used for the acid digestion of SiC powders and sintered SiC cracked with a hammer.
SiC particles were observed by scanning electron microscopy (SEM; S-4300, Hitachi High Technologies, Tokyo, Japan). For SEM measurements, the surfaces of all the samples were coated with a Pt/Pd alloy by means of an ion sputtering device (E-1045, Hitachi High Technologies, Tokyo, Japan).
Dynamic light scattering (ELSZ-2000ZS, Otsuka Electronics Co., Osaka, Japan) was used to measure the diameter distribution of LAL-sampled particles. A semiconductor laser with a wavelength of 660 nm was used.
The LAL-sampled particles of sintered SiC and single-crystal SiC were placed on a glass slide by means of a needle, and their chemical compositions were measured by laser Raman microscopy (RAMAN-11, Nanophoton Corporation, Osaka, Japan; laser wavelength, 532 nm). This method enabled us to analyze individual particles.
Procedures for LA-ICPMS analysis
For LA-ICPMS, disk-shaped pellets (diameter, 10 mm; height, 2 mm) were prepared by pressing 300 mg of each of the five SiC powder CRMs at 10 MPa for 60 s.
Laser ablation was conducted under a He atmosphere, and the ablated particles were introduced into inline-type cascade impactors with a cutoff of <1.0 μm (type NL-1-1A, Tokyo Dylec, Tokyo, Japan) to select ablated particles smaller than 1.0 μm, which were then introduced into the ICPMS. This protocol suppressed the influence of elemental fractionation due to incomplete vaporization and ionization, which tend to occur when large particles are introduced into the ICP. 19 Argon gas was added between the ablation cell and the impactor. A schematic diagram of the LA-ICPMS system with the ablation cell and the cascade impactor is shown in Fig. 2 .
Using a NIST612 glass standard, the LA-ICPMS system was tuned to provide the highest sensitivity for 59 Co, 139 La, and 232 Th. For the determination of elements in both the sintered SiC and the single-crystal SiC, LA was carried out in the line-scanning mode under in-focus conditions. The crater diameter was 100 μm, the line width was 100 μm, the repetition rate was 20 Hz, the scanning speed was 10 μm s -1 , and the scanning time was 30 s, resulting in a single laser line with a length of 0.3 mm. The concentrations of Al, Ti, Si, Cr, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, and W were measured by LA-ICPMS with 29 Si as an internal standard. When the two NMIJ CRMs were analyzed, the three JCRM CRMs were used for calibration; and when the sintered SiC and the single-crystal SiC were analyzed, the two NMIJ CRMs were used for calibration. The integrated signal intensities of the elements were normalized by the integrated signal intensity of 29 Si, because the amounts ablated from different samples depended on the interaction between the laser light and the sample surface. LA-ICPMS was performed in the time-resolved analysis mode, and element concentrations were calculated from Eq. (1):
where [M] is the concentration of element M in the sample, ∑IM is the integrated signal intensity of element M during laser ablation, ∑ISi is the integrated signal intensity of 29 Si during laser ablation, s is the sensitivity for element M, and b is the intercept of the calibration curve.
To obtain depth profiles of elements in the sintered SiC, LA in the single-site mode under in-focus conditions was conducted. The crater diameter was 100 μm, and the repetition rate was 5 Hz. The depth profiles of Al, Y, and Zr were measured by LA-ICPMS with 29 Si as an internal standard.
Procedures for high-pressure acid digestion and solution nebulization ICPMS
Approximately 1 mg each of the NMIJ 8001a and 8002a SiC powders were weighed out and subjected to high-pressure acid digestion with a mixture of 2 mL of HF, 4 mL of HNO3, and 1 mL of H2SO4 in a polytetrafluoroethylene pressure vessel. The pressure vessel was placed in a stainless-steel jacket, and then heated in an oven at 210 C for 24 h. 17 The digested solution was evaporated on a hot plate until dryness, and the resulting residue was diluted to 2 mL with 0.1 M HNO3. The concentration of H2SO4 was adjusted to <1% for analysis by ICPMS because spectral interference associated with S could not be corrected for accurately when the H2SO4 concentration exceeded 1% even if a collision cell was used. Sintered SiC was cracked into particles of less than 1.0 mm with a hammer; approximately 10 mg of the particles was then subjected to high-pressure acid digestion for 96 h (4 days) in an oven at 210 C. Single-crystal SiC could not be decomposed, even when 10 mg of the cracked sample was subjected to high-pressure acid digestion for 336 h (2 weeks) at 210 C.
For the quantitative analysis by solution nebulization ICPMS, two plasma conditions were used: hot plasma in a He-collision mode was used for determination of Al, Ti, Cr, Co, Ni, Cu, Sr, Y, Zr, and W; and a cool-plasma mode was used for determination of Mn and Fe to reduce background noise. 103 Rh was measured as an internal standard under both plasma conditions. The operating conditions for the ICPMS instrument are summarized in Table 2 .
Procedures for LAL sampling
Prior to LAL sampling, sintered SiC and single-crystal SiC were deposited in a mixture of HF(19%) and HNO3(34%) and heated for 15 min to clean the surface. Two open-top chambers made of a tetrafluoroethylene-perfluoroalkyl vinyl ether copolymer were used for LAL sampling. 31 The outer diameter, inner diameter, and height of the chamber used for the sintered SiC were 36, 32, and 10 mm, respectively. The outer diameter, inner diameter, and height of the chamber used for the singlecrystal SiC were 60, 52, and 7 mm, respectively. Each sample was placed in a specified chamber, and then 5.6 mL (for the sintered SiC) or 6.4 mL (for the single-crystal SiC) of ultrapure water was added; as a result, the surface of the sample was 3 mm below the surface of the water. The sample surface was irradiated through the water. Forty laser lines, each 2 mm long, were ablated at 100 μm intervals. The line width was 100 μm, the repetition rate was 20 Hz, and the scanning speed was 10 μm s -1 , resulting in a 2 × 4 mm ablation area. Ablation of the laser lines took approximately 2.5 h. After ablation, the LAL-sampled particles suspended in the water were transferred to a polytetrafluoroethylene pressure vessel by micropipette. To ensure that all of the ablated particles were collected, the chamber was rinsed with 1 mL of ultrapure water, and then the rinse solution was transferred to a pressure vessel.
The sampled amounts of sintered SiC and single-crystal SiC were measured with a microbalance (MT5, Mettler Toledo, Zürich, Switzerland). The amounts of ablated particles were calculated from the difference between the weights of the samples before and after LAL sampling. Samples were dried by using a blow-dryer. The amounts of ablated particles were calculated five times; the standard deviation was ±0.002 mg. The sampled amounts of sintered SiC and single-crystal SiC were 0.23 and 0.19 mg, respectively. The LAL-sampled particles were subjected to high-pressure acid digestion by means of the procedures described for the SiC powder CRMs.
Results and Discussion
SEM observation of a SiC powder standard and LAL-sampled particles of sintered and single-crystal SiC
One of the SiC powder standards (NMIJ 8002a) and LAL-sampled particles of sintered SiC and single-crystal SiC were placed on silicon wafers for SEM observation at a magnification of 5000× (Fig. 3) . The SEM images indicated that the diameters of the NMIJ 8002a particles ranged from 0.1 to 2.0 μm (Fig. 3a) . LAL sampling of the sintered SiC gave spherical particles and angular particles (Fig. 3b) , whereas LAL sampling of the single-crystal SiC gave mainly spherical particles (Fig. 3c) . SEM image indicated that the diameters of the LAL-sampled sintered and single-crystal SiC particles ranged from 0.1 to 5.0 μm, whereas dynamic light-scattering measurements indicated that the major diameters were 0.2 and 0.3 μm for the sintered and single-crystal SiC, respectively. The difference in the particle shape may have been due to differences in how the particles were generated: specifically, the spherical particles were likely generated in the heat-affected zone by means of melting-congelation, whereas the angular particles were likely generated mechanically by the laserinduced plasma shock wave. Since sintered SiC is polycrystalline and has defects, angular particles were generated by shock waves. On the other hand, single-crystal SiC has few defects and the surface is flat. Therefore, angular particles were less generated by shock waves.
Verification of changes in chemical composition by means of laser Raman microscopy
Raman spectra of a glass slide, sintered SiC, single-crystal SiC, and LAL-sampled particles of sintered SiC and single-crystal SiC are shown in Fig. 4 . The peaks at 771, 793, and 973 cm -1 in the spectrum of the sintered SiC (Fig. 4b ) correspond to the hexagona(6H)-SiC polytype, and the peak at 780 cm -1 in the spectrum of the single-crystal SiC (Fig. 4c ) corresponds to the hexagonal(4H)-SiC polytype. 34 In the Raman spectra of the LAL-sampled particles obtained from the sintered SiC and the single-crystal SiC (Figs. 4d and 4e, respectively) , the peak at 521 cm -1 corresponds to silicon. In the Raman spectra of the LAL-sampled particles, none of the typical peaks for the SiC polytypes were detected. Broad peaks at 1369 cm -1 (D band) and 1591 cm -1 (G band) were observed in the spectrum of the LAL-sampled particles from the sintered SiC. These peaks indicate the presence of amorphous carbon. 35 The Raman spectroscopy results indicate that LAL sampling transformed hard-to-digest sintered SiC and single-crystal SiC into soluble particles composed of silicon and amorphous carbon. This transformation, which probably occurred by means of melting-congelation during laser ablation of the sample surface, allowed solution nebulization ICPMS analysis after high-pressure acid digestion.
Analysis of the NMIJ 8001a and NMIJ 8002a CRMs
The NMIJ 8001a and NMIJ 8002a CRMs were analyzed by LA-ICPMS and acid digestion ICPMS (Table 3) . For acid digestion ICPMS, a standard solution was used for calibration. ICPMS was performed in the spectrum analysis mode.
The elements Co, Cu, Sr, Y, and W could not be quantified by LA-ICPMS, because their concentrations in the JCRM reference materials were not certified. The measured concentrations of Al, Ti, Cr, Fe, and Ni in NMIJ 8001a and NMIJ 8002a were in good agreement with the certified values. The recoveries of these five elements were 100 ± 20%. The Mn recoveries from NMIJ 8001a and NMIJ 8002a were 74 and 69%, respectively. The uncertainty was not given for the concentration of Mn in JCRM R021 and JCRM R023. Therefore, the Mn concentration was less reliable than that for the other elements. These results indicate that LA-ICPMS analysis is useful for the quantitative analysis of SiC powders without any sample pretreatment, but is inappropriate for elements for which the concentration is less reliable.
In the case of acid digestion ICPMS, the recoveries of all the measured elements from both CRMs were 100 ± 20%. It is noticed that the elemental sensitivity is the same even if the crystal forms are different; hexagonal(4H)-SiC and cubic-SiC for NMIJ 8001 and NMIJ 8002a, respectively. The recoveries of Mn and Cu from NMIJ 8002a were 81 and 88%, respectively; that is, they were a little lower than the recoveries of the other elements, although the measured values of Mn and Cu were within the range of certified values.
In the case of acid digestion ICPMS, the recoveries of Ti, Mn, Fe, and Ni from NMIJ 8001a were close to 100%, that is, better than the recoveries obtained by LA-ICPMS.
Analysis of sintered SiC
Sintered SiC is used for semiconductor manufacturing equipment. Therefore, it is important to measure any impurity on the surface. The surface analysis was done by LA-ICPMS and LAL-ICPMS on an intact sintered SiC sample, whereas acid digestion ICPMS was carried out on cracked sintered SiC ( Table 4 ). The NMIJ CRMs were used as standard reference materials for LA-ICPMS. Because the certified values for the NMIJ CRMs have large variation, the concentrations obtained by acid digestion ICPMS (Table 3) were used for the calibration of LA-ICPMS.
The surface-layer concentrations of Al, Ti, and Cr determined by LA-ICPMS and by LAL-ICPMS were in good agreement (within 32%). The concentrations of Fe and Ni obtained by LA-ICPMS were higher than those obtained by LAL-ICPMS, and those of Y and Zr obtained by LA-ICPMS were lower than those obtained by LAL-ICPMS. However, the concentrations of these four elements determined by these two techniques had the same order of magnitude. The precision of the results obtained by means of LA-ICPMS was good among LA-ICPMS, LAL-ICPMS, and acid digestion ICPMS. Surface-layer data obtained by means of LAL-ICPMS had larger variation than those obtained by acid digestion ICPMS for bulk cracked sintered SiC even though ICPMS with solution calibration was used for both analyses. This difference was due to the fact that the sampled amount obtained by LAL-ICPMS (0.23 mg) was considerably smaller than that used for acid digestion ICPMS (13.5 mg), which in turn resulted in dispersion of the LAL-ICPMS data.
The concentrations obtained for bulk cracked SiC can be taken as the average concentrations of impurities in sintered SiC. The concentrations of Al, Ti, Cr, Fe, Ni, and Zr were higher than those of other elements. Al, Ti, Cr, Fe are known to be present in the raw materials used to prepare the sintered SiC. The presence of these elements as a result of contamination from a growth furnace for sintering SiC powders has been reported. 36 It is considered that Ni and Zr were also contaminated in a manufacturing process.
The surface-layer data (obtained by LAL-ICPMS) and bulk data for Ti, Cr, Fe, Co, Ni, Sr, and W were in good agreement, indicating that these elements were homogeneously distributed in the sintered SiC. In contrast, the surface-layer concentrations of Al, Mn, Cu, Y, and Zr were higher than the concentrations in the bulk. Depth profiles, obtained by LA-ICPMS in the single-site mode, of Al, Y, and Zr in sintered SiC are shown in Fig. 5 . Aluminum was enriched at a depth of approximately 0 -5 μm from the sample surface, and partial enrichment was observed at a depth of 18 and 67 μm from the sample surface in the first measurement of Al. Yttrium was enriched at a depth of approximately 0 -5 μm from the sample surface. Zirconium was enriched at a depth of approximately 0 -1 μm from the sample surface and partial enrichment was observed at a depth of 18 μm from the sample surface in the first measurement of Zr. The trend in elemental enrichment was the same as that in elemental concentrations shown in Table 4 . Depth profiles for Mn and Cu could not be obtained by LA-ICPMS, because the concentrations of these elements were below the detection limits.
Analysis of single-crystal SiC
Single-crystal SiC is used for a semiconductor substrate. Therefore, it is important to measure any impurity on the surface. However, it is more difficult to decompose by acids than sintered SiC. Table 5 lists the concentrations of elements in the single-crystal SiC determined by means of LA-and LAL-ICPMS, along with the corresponding detection limits calculated as 3-times the standard deviation of repeated measurements of an operational blank (n = 5).
Using LA-ICPMS, only Al and Ti concentrations could be determined; the concentrations of the other elements were below the detection limits.
In contrast, using LAL-ICPMS, the concentrations of Al, Ti, Cr, Mn, Fe, Ni, Cu, and Zr could be determined. The Al concentration obtained by LAL-ICPMS was higher than that obtained by LA-ICPMS. The discrepancy between the values measured by these two techniques may have been due to the fact that the measured values were much lower than the calibration curve range of the NMIJ 8001a and NMIJ 8002a CRMs (Table 1 ). In contrast, because the determined Ti concentration was within the calibration curve range (Table 1) , the Ti concentrations obtained by LA-and LAL-ICPMS were in good agreement. The detection limits for LAL-ICPMS analysis of the twelve elements listed in Table 5 . To quantify Co, Sr, Y, and W, the detection limits needs to be lowered by using a longer laser ablation time to increase the sampled amount.
The presence of Al, Ti, Cr, Mn, Fe, Ni, Cu, and Zr is reportedly due to contamination from graphite susceptors and thermal insulation materials used in chemical vapor deposition. 36, 37 Because cutting blades and surface-polishing materials are made of metals, these also could be possible source of contamination.
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Conclusions
In this study, we evaluated the use of LA-ICPMS and LAL-ICPMS for the determination of trace elements in sintered SiC and single-crystal SiC. LA-ICPMS was found to be useful for the quantitative analysis without any sample pretreatment. However, data obtained by LA-ICPMS were less reliable than LAL-ICPMS when the concentration of an element in a sample was outside the calibration curve range of CRMs. In addition, if the concentration of an element was not certified in the CRMs, the concentration of that element in the CRMs had to be determined by a reliable analytical method such as acid digestion ICPMS. In contrast, LAL-ICPMS could be used to determine trace elements concentrations without CRMs. Furthermore, LAL-ICPMS data were more reliable than LA-ICPMS data because solution nebulization was used for the former technique. The use of LAL sampling permitted local ablation of the surface of the hard-to-digest samples; sintered SiC and single-crystal SiC to give digestible particles for measurement by ICPMS. We found that LAL sampling was useful for nanoparticulation of sample surfaces and that it transformed hard-to-digest crystals to soluble particles. On the basis of our analysis of the impurities in the surface-layer of sintered SiC and single-crystal SiC, we suggest that possible sources of contamination include raw materials, the growth furnace, graphite susceptors, thermal insulation materials, cutting blades, and surface-polishing materials.
For the analysis of single-crystal SiC, a highly sensitive method is required. The detection limits of LA-ICPMS and LAL-ICPMS were 0.2 -6 and 0.04 -0.4 μg g -1 , respectively. Moreover, increasing the sampled amount by increasing the LAL sampling time can be expected to improve the detection limits.
Although LAL-ICPMS must be investigated further for use in situations in which high sensitivity and throughput are required, this technique should become a powerful tool for the control of contamination in the manufacturing of semiconductor devices. 
